A 2-D photon event detector, consisting of a microchannel plate coupled to a resistive anode for position readout, has been used to measure the spatiotemporal correlation of dynamic speckle. In this paper we discuss the implementation of this detector for these measurements and the effect of detector dark count, dead time, spatiotemporal integration, and other inherent biases. Initial results on dynamic speckle produced by a rotating diffuser are presented, and these agree well with theoretical predictions.
Introduction
The correlation properties of scattered radiation is an area of extensive research. At optical frequencies, perhaps the most productive experimental technique for these measurements involves photon counting with photomultipliers at low optical field intensities. Purpose built photon correlators are capable of measuring the temporal correlation properties of intensity fluctuations on time scales r > 10-7 sec in an autocorrelation (one detector) or cross-correlation (two-detector) mode with excellent signal-to-noise characteristics. For a large number of applications, however, it is quite useful to measure both the spatial and temporal intensity correlation properties simultaneously. For
Gaussian processes this gives a complete dynamic picture of the stochastic intensity fluctuations and could be used in a number of applications including atmospheric or fluid flow rate measurements and real time stellar speckle interferometry.
In this paper we present preliminary results obtained using a space-time correlation system. The detector was manufactured by Instrument Technology, Ltd. (ITL)l and consists of an 18-mm diam photocathode and a position sensitive anode capable of detecting photon events with a resolution spot size of -90 ym. Although the image area can be addressed over a 16-bit xy coordinate and is subsequently time tagged (16 bits) and stored in computer memory. After the data are collected (typically 5 X 104 photons), a differencing algorithm is used to create a histogram of space--time photoevent coordinate differences. This difference histogram is in fact the measured correlation function as is shown in Sec. III.
To demonstrate the versatility of this arrangement, we measured the space-time correlation properties of dynamic speckle from a rotating ground glass diffuser. As is well known 2 the dynamic speckle generated by a coherent light source illuminating a moving diffuser contains detailed information about the deterministic motion of the diffuser (speckle velocimetry) and information concerning the size and shape of the source via the correlation area and correlation time of the fluctuating intensity pattern. The use of an imaging photon detector (IPD) allows one to study the evolution of the pattern either at a series of fixed points or in the rest frame of the moving speckle pattern. The latter option is extremely useful for measuring the purely stochastic spatial and temporal properties, whereas the former is used to determine the magnitude and direction of the deterministic motion.
In Sec. II a theoretical analysis of the space-time correlation function of speckle from a rotating diffuser is given paying close attention to the nature of the wellknown bodily rotation of the pattern 3 -5 in the far field and its stochastic time evolution. In Sec. III we describe in some detail the actual implementation of the IPD for space-time correlation measurements. An analysis of the SNR of these measurements and the effect of dark count, dead time, spatiotemporal integration, and various other inherent biases on the measured correlation function are presented. In Sec. IV 
II. Dynamic Speckle from a Rotating Diffuser
The scattering geometry is shown in Fig. 1 . A Gaussian He-Ne laser beam is scattered by a pure phase diffuser which rotates in the (Qn) plane with constant angular speed w. In the Fresnel zone of the scattering plane, the speckle pattern appears to rotate, bodily, continually changing form as it moves. In other words, the pattern is rotating and boiling simultaneously as may be easily demonstrated in the laboratory. In the following analysis we obtain an expression for the spatiotemporal correlation of intensity fluctuations of the far-field dynamic speckle pattern. The transmission geometry of Fig. 1 is similar to that of Crosignani 4 who has analyzed the temporal correlation structure of this process. More recently, Churnside 5 has carefully analyzed this problem in a reflection geometry showing both the rotation and scintillation structure of the speckle pattern in the Fresnel zone. In our analysis we assume a perfectly plane wave source using the transmission geometry (Fig. 1) . The final expression makes use of a simplifying approximation and is consistent with Churnside's more general result.
Let (Q,,O,) and (x,y,z) define two parallel planes as shown in Fig. 1 . The diffuser rotates in the (to) plane about the origin of coordinates, and a Gaussian beam centered at (0,R,0) illuminates the rotating diffuser. The unperturbed beam has an amplitude profile (1) where W is the li/e 2 beam intensity radius, and AO refers to the complex plane wave amplitude at z = 0. The transmitted amplitude immediately after the diffuser is then
. (2) where 0( ) is the random phase term and has time dependence since the diffuser is moving. The complex amplitude at a point (xy) in the Fresnel region is given by (3) where K is an unimportant scaling factor and will be ignored in the following. Defining the Fresnel transfer function f as
we have
The correlation of complex amplitudes is defined by r(Ax,Ay,r) = (U(xy,t)U*(x + Axy + Ay,t + T)), (6) where ( )refers to an ensemble average.
For a Gaussian random process, the correlation of intensity fluctuations is simply (5) and (6) X f*(QU coswT -n'1" sinwT, t" sinor + 71" COSWTX + AX,y + Ay)
where 6( ) is the Dirac delta function. The t"," plane is rotated with respect to the (, plane by an angle -r.
At this point we can simplify matters by considering time intervals small enough to satisfy wr << 1. Since the beam is off-axis, this is in general nonrestrictive whenever WIR 1.
Keeping orders of 02 = (wr) 2 we may evaluate Eq. (10) in a straightforward way. Because the algebra is quite tedious, we simply state the result r(Ax,Ay,T) = exp _R 2 2) exp{ 2 [Ax + (y + Ay/2)0]2}
where r = Xz/7rW is the speckle size. Equation (11) is valid for small angles 0 and whenever 7rW 2 /Xz << 1.
The result becomes more meaningful if we consider the geometry in the detection plane. As we are correlating the point x,y at time t with the point x + Ax, y + Ay at time t + r, the position x + Ax/2, y + Ay/2 refers to the average position during the time interval. Defining the sum coordinates xo = x + Ax/2 and y = y + y/2, we have the final result
The spatiotemporal correlation of intensity fluctuations is the product of three Gaussians and has a straightforward interpretation. where Arl = (Axl,Ayl) and refers to the location of the spatial correlation peak at time interval rl and similarly for Ar 2 .
One last point of interest is the dependence of the correlation function on the parameter R. Whenever RIW >> xo/r and yo/r the decorrelation at (x 0 ,y 0 ) is a much stronger effect than the translation. Thus for detection locations I p I ir << RIW, i.e., at points near the center of the diffraction field the speckle tends to boil more than rotate. As R is increased the region where the boiling effect dominates will increase. Conversely, in the limit R -0 the speckle pattern simply rotates without decorrelating as in this case the optical axis coincides with the diffusers's center of rotation; hence the beam illuminates the same set of scatterers which simply move in a circular path.
Ill. Experimental Design
In this section we discuss various aspects of measuring the normalized correlation function CI(Ax,Ay,-r) experimentally using the imaging photon detector (IPD) and time-marking electronics. The proximity focused IPD is based on an S20 photocathode, a triple microchannel plate (MCP) intensifier, and a resistive anode readout system. Details of the detector development and performance have been described elsewhere 6 7 and will not be repeated here. The following discussion concentrates on three major topics: Sec. III.A describes the photon differencing algorithm showing it to be a very efficient, but biased, estimator of CI(Ax,Ay,r) in general. Section III.B describes the effect of dark count, dead time, spatial, and spatiotemporal integration on the measured correlation function. In Sec. III.C we give an estimate of the SNR characteristics of the measured correlation function for this type of implementation.
A. Photon Differencing Algorithm
For an ideal detector the cross-correlation of the intensities at the points p = (xy) and p' = (x + Ax, y + Ay) may be expressed as
where I(t), I'(t) are the time-dependent intensity signals at p,p', respectively, and we assume I(t) is a spatially and temporally stationary random process 8 so that the correlation function depends only on spatial and temporal coordinate differences. Detectors such as photomultipliers encode the intensity signal as a series of discrete pulses where the pulse rate varies in proportion to the intensity level. If we select a fixed integration period At (i.e., a sampling time) at such that At << r, the fluctuating intensity pattern is approximately frozen for the duration of the integration time.
Defining U as the expected number of photoelectron pulses measured during the sampling interval, we (14) where I(t) is the slowly varying classical intensity (Atir, << 1) and a is the quantum efficiency of the detector. Equation (14) gives the expected value of the measured photon rate for a single realization of the intensity. As the intensity fluctuates in time, the measured photon rate also fluctuates with a probability density function P(U) = aAtP(I), where
is the well-known 1 0 probability density of intensity for Gaussian speckle. The probability of measuring n photons during the time interval At is given by the compound or doubly stochastic Poisson distribution' 1
The average number of detected photons per sampling time is then
Furthermore, (U) = aAt(I) from Eq. (14) so that (n) is directly proportional to the mean intensity. The joint probability density of measuring n photoelectrons at the space-time point (x,y,t) and m photoelectrons at (x + Ax,y + Ay,t + r) is a straightforward generalization' 2 of Eq. (16):
This leads to the important result
n,m1l
where I, = I(xy,t), I2 = I(x + Ax,y + Ay,t + r) and r = kAt, where k 2 0 is an integer. Combining Eqs. (17) and (19) yields (n(m) (1A) = -1 + C(Ax,Ayr).
Thus the normalized correlation of photoelectron number fluctuations is identical to the normalized correlation of classical intensities defined in the previous section.
In a real experiment, the ensemble average (19) is estimated by taking a time average over a finite number N of sample times and forming the sum
where ni refers to the number of photoevents detected at (xy) during the ith sample time, and mi+k is the number detected at (x + Ax,y + Ay) during the (i + k)th sample time. Equation (21) is used in conventional photon correlators where k << N and N is usually very large (>104).
To normalize Eq. (21), we divide by (n) (m) where
For a stationary process, (n) = (m) at all points in the detection plane. In the limit of N --, Eqs. In our experiment we measure the normalized correlation function [Eqs. (21) and (22)] at large numbers of spatial and temporal lags simultaneously. This is accomplished by a photon coordinate differencing algorithm which shall now be described. The IPD detects photon events over a 256 X 256-pixel area and serially encodes each data point as a 16-bit number (8-bit x, 8-bit y). The minimum time between valid events, i.e., the detector's (global) dead time, is -1.5 X 105 sec. An external interface contains a running clock of time increment At which is also encoded as a 16-bit number, and the final 32-bit space-time coordinate is stored as an array variable in an HP 9826 computer. For purposes of the following discussion we assume that each valid photon event coordinate is stored in three separate arrays X(I), Y(I), T(I) in the computer. The array variables are, therefore, a time ordered list of photon event coordinates. After a buffer of data has been filled (5 X 104 photons) a histogram of space--time coordinate differences is created using the following type of subroutine: to check that
r=T(J)-T(I),
and so on. Since the statistics of the fluctuating intensity pattern are isotropic, this means that the measured correlation histogram for fixed time lag r is biased by a multiplicative factor G(Ax) = Nx-1 (Nx -I Ax I) due to the finite size of the linear array. In two dimensions the measured correlation histogram is related to the desired correlation function by
where
Equation (23) indicates that the differencing algorithm may be used to estimate the true normalized correlation function at all spatial and temporal lags of interest assuming the previously mentioned constraints are satisfied. It is also clear from this discussion that the SNR of the measured correlation function decreases with increasing spatial lag (I Ax 1,1 Ay )
for fixed time lag r. This will be discussed in Sec.
III.C.
B. Systematic Biases
In principle, the normalized correlation function C(Ax,Ay,T) can be measured to any desired statistical accuracy under ideal experimental conditions. This section describes three very common nonideal systematic effects which generally alter the measured correlation function in an undersirable way. The three effects are due to dark count, dead time, and spatial integration. Each is shown to yield a manageably small deviation from the ideal case under appropriate experimental conditions. The dark count is essentially uncorrelated noise due to thermionic emission in the photocathode. At fixed cathode voltages the average rate of this emission is reasonably constant over measurement times of a few seconds. If the number of dark count pulses in a particular sample time At is denoted nd, and the number of pulses due to the true signal during this sample time is n, the number of pulses measured in the presence of dark count is clearly n' = n + nd. Defining 6 = (nd)/(n), where ( ) denotes the ensemble average over the statistics of the fluctuating intensity, and assuming 6 << 1, the measured cross-correlation is given by
where CI is the measured cross-correlation in the presence of the dark count and
is the cross-correlation of the true signal. We again assume a stationary random process, and thus (n) = (i).
The measured correlation of intensity fluctuations is then
Ca, = C,(l -26) + 0(62).
Therefore, the measured correlation function is decreased by a constant scaling factor (1 -26) to first order in 6. For our experiment, 6 -10-3 so this effect was extremely small. Photon counting experiments with the IPD are also limited by local and global dead time effects with vastly differing time scales. The global dead time refers to the time interval during which the detector electronics is processing each event. Photons arriving anywhere over the 256 X 256-pixel area during this time, which is -1.5 X 10-5 sec in our device, are ignored. The local dead time refers to the recovery time for a single microchannel which is saturated on detection of a photon. 6 This dead time, which is -10-1 sec in our device, determines the minimum time interval between detected photons in a single microchannel. As there are three stages in the intensifier, with considerable charge spreading between them, the effect of the local deadtime is not straightforward, though it produced no noticeable effects in the measured space-time correlation function.
The exact effect of the global dead time on the measured correlation is complicated and depends in detail on the statistical properties of the intensity process that is being estimated. Chang et al. ' 4 have investigated the dead time affected counting distribution p(n) for a photomultiplier-based detection system, and their results form the starting point for the present multipixel case. As regards the global dead time, the IPD is, of course, quite different from an array of 256 X 256 photomultipliers: with the IPD, the detection of a photon at any one pixel domain inhibits the detection of photons at all other pixel domains for a global dead time interval, whereas the dead time effects between pixels are independent for an array of separate detectors.
A detailed analysis of the effect of the global dead time on the measured correlation with the IPD will appear in a forthcoming publication.' 5 For the types of dynamic speckle pattern studied in this paper (in which a large number of speckles illuminate the whole detector), it turns out that both (nm) and the product (n) (m) are, to first order identically effected, and, therefore, the nomalized space-time correlation function is unaffected by the global dead time. However, when the speckle size is comparable to the slit window a noticeable loss of contrast will result at high photon rates along with a modest shape alteration. It must be stressed that this result is only true to first order in rd/At and that it only applies to the types of dynamic speckle pattern investigated in this paper. As a final example of a systematic bias, the effect of spatial and temporal integration on the measured correlation is considered. Our detector area is 18 X 18 mm, which is digitized to a 256 X 256-pixel array, each pixel domain occupying -70 X 70 Am 2 . In software we can define any combination of these pixel domains to constitute a single detector. Due to the SNR considerations given in Sec. III.C, we used a limited number of detector elements which were, for simplicity, in the form of a rectangular slit window of 16 X 110 pixels in which we defined a linear array of 110 detectors. In other words each detector element was defined as 16 pixels in height by 1 pixel in length. Although the speckle sizes used were always larger than 16 pixels (-1.1 mm), the spatial integration proved to be a noticeable effect. Also discussed here are the (rather minor) effects due to time integration and the effect of spatiotemporal blurring due to the speckle translation across the detector elements. Goodman1 6 has shown that the measured normalized intensity variance 2/(I)2 seen by a detector of aperture P(,Ax,Ay,r) in space and time is 
It is straightforward to show that the normalizing constant is just the product of the aperture areas, i.e., S = (abAt) 2 . The correlation function CAM(Ax,Ayj) is the product of three Gaussians as shown in Sec. II:
where r = speckle size, -r = decorrelation time, and uX'vy are the translational speeds along the x and y directions in the measurement plane. A measurement at the center of the diffraction field yields vx = vy = 0, which means the speckle simply boils without translating. In this case Eq. 
and erf( ) is the error function. The function f(ax) is shown in Fig. 2 . Typical measurements were for air-0.05, blr -0.8, and and At/l-c 0.1, which yields 2/(I)2 0.88. Thus the spatial and temporal integration effects in a typical measurement reduce the contrast level to -0.88 of the maximum, and this can be seen in the data shown in Sec. IV.
A related effect occurs when the speckle is translat- The measured contrast of Eq. (28) is now a function of the space-time coupling in the x direction: 
This integral reduces to four integrals over error functions and exponentials. To investigate the magnitude of this effect for typical measurement parameters, integral (32) was solved numerically for the fixed parameters air = 0.05, Atirc = 0.1, and velocities 0 < vAtir < 1.75. The functional form of g is quite similar to that of the time-independent function f(a) as can be seen by comparing Figs. 2 and 3 . This is not very surprising; it essentially means that the loss of contrast due to The functional dependence of g on these parameters is strictly through the ratios a/r, vAt/r, and At/-r. The curve is plotted as a function of the variable vAt/r, which is the ratio of the distance traversed by a speckle during the integration time At to the corrrelation length r of the speckle.
the finite speckle velocity v has a similar effect to increasing the detector window by an amount vAt along the direction of motion. For most situations of practical interest the parameters (a i vAt)/r, bir, Atrc are all small quantities. In this case we have
Note that the speckle size r is defined as the lie radius of the coherence area so that JE CI(xy,O)dxdy = r 2 .
C. Signal-to-Noise Ratio
In Sec. III.A we defined the quantity [Eq. (21)]
where ni and mi denote the ith measurement of n and m, these being the number of detected photons per sample time at two independent pixels in the detector array. (Q) is a good estimate of the correlation function whenever N is large enough to encompass many realizations of the fluctuating intensity pattern, and the sampling time satifies At << r,. The SNR is defined here as
where UQ 2 = (Q 2 ) -(Q) 2 . This quantity has been evaluated elsewhere1 7 with the result
provided (n) << 1. Here, M is the number of statistically independent realizations of the fluctuating intensity pattern, (n) is the average number of detected photons per sample time per pixel, and C is the normalized correlation of intensity fluctuations (0 < CA, 2 1). If the detector array consists of Nx X Ny detectors, the correlator measures NxNy independent estimates of (Q) at the spatial lag (0,0). In general, the correlator measures N(AxAy) = NxNyG(Ax,Ay) independent estimates of (Q) at the arbitrary spatial lag (Ax,Ay), where
is the triangle function form Sec. III.A. Therefore, the measured correlation function has SNR distribution, which depends on the vector (AyAy): Thus the spatial correlation at fixed time lag r has a slowly decreasing value of the SNR for 0 < I Ax I < (0.8)Nx. The presence of the triangular bias imposed on the SNR is in practice not very restrictive as 80% of the measured correlation function has a SNR greater than half of the maximum value at the origin Ax = 0. The anomalous situation at X = 0 is again not restrictive in practice. Since the differencing algorithm does not difference any vector from itself we find at X = 0 that there are -1/2 of the number of differences generated over the spatial domain -Nx Ax S Nx than at -2 1. Hence the SNR at T = 0 is -50% more noisy than at r 2 1, and this is a modest decrease. In principle there is also a triangular bias in time, but, given a maximum measured time lag which satisfies Atmax/At S 10-2 N, this is a negligible effect.
IV. Experimental results
The dynamic speckle experiment is shown in Fig. 1 Figure 5 shows measurements of the spatial correlation function at time lag r = 1 for two different speckle sizes. The measured values of r are slightly longer than predicted by theory, and one can observe how the contrast level decreases for the narrower speckle size due to spatial integration effects. Figure 6 shows a plot of the peak values of the correlation function in Ax as a function of the time lag r for seven different diffuser velocities. The slope of each line gives the direction and speed of the speckle moving across the slit window for various parameters of p and a. The translation is clearly linear, and the experimental values for velocity compare well with the predictions of Sec. II. Figure 7 shows experimental measurements of the temporal decorrelation for two different combinations of X and R. This plot defines C(t) normalized to the measured variance at r = 0. The Gaussian shape and time scales Tc = W/coR are in excellent agreement with theory. The true variance is lowered by a constant factor of -0.84 due largely to spatial integration effects discussed in the previous section.
As a final example we show measurements of the spatial correlation structure of a double speckle pattern using the setup shown in Fig. 8 . In this configuration we use two 0.5-mW He-Ne lasers which intersect at the diffuser surface forming a small angle 0. The diffraction plane consists of two virtually identical speckle patterns which are shifted by the angle 0. This arrangement simulates the characteristic double speckle pattern generated by a binary star system viewed through a turbulent atmosphere' 8 with a ground-based telescope. In this case the intensity distribution due to the double speckle pattern has the form using a 1-D notation 
The variance at the origin (Ax = 0) is twice that of the side peaks (assuming 6 > r) and lower by a factor of 2 from the single speckle pattern situation.
The measurements shown in Fig. 9 are for parameters r = 0.6 mm, = 2.5, and 3.5 mm. The contrast ratio of the central peak to either of the side peaks is in excellent agreement with Eq. (42). Due to constraints imposed by the slit window size and the small angles required, the detector was placed at z = 1 m from the diffuser, and the resulting speckle size is the order of the slit width. This in turn gives rise to a large spatial integration effect causing a 50% overall reduction in the measured contrast. Despite all this, however, the correlation function was easily and consistently measured with very little distortion.
V. Conclusions
It has been demonstrated that the dynamic correlation structure of a fluctuating intensity pattern may be accurately measured simultaneously in the space and time domains using a new multipoint photon detector. There are a number of systematic biases present in the data, but these can be compensated for. The present method of data processing uses a desktop computer, which is -200 times too slow to keep up with a typical data rate of 104 detected photons/sec. However, it is possible, using currently available integrated circuits, to construct a hard-wired correlator based on the same algorithm for calculating the correlation function.
